BACKGROUND AND PURPOSE-Global cerebral edema is an independent predictor of mortality and poor outcomes after aneurysmal SAH. Global cerebral edema, a complex disease process, is thought to be associated with an altered cerebral autoregulatory response. We studied the association between cerebral hemodynamics and early global cerebral edema by using CTP.
Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating disease with serious complications and lasting impairment in patients who survive. It has a mortality rate ranging from 32% to 67% [1] [2] [3] and accounts for up to 7% of all strokes. 4 While there has been some minimal improvement in the mortality rate since the 1960s, the persistently poor outcomes make aSAH a serious disease. Poor outcomes occur after survival from the initial aneurysm rupture, with long-term functional disability in more than half of patients, of whom 26% have persistent dependence. 5 Additionally, as many as 20% of patients have global cognitive impairment contributing to poor functional status. 6 Thus, aSAH is associated with a substantial burden on health care resources, most of which are related to long-term care for functional and cognitive disability. 7 After aneurysm rupture, early global cerebral edema (GCE) contributes significantly to functional and cognitive disability as a secondary complication. [7] [8] [9] [10] [11] [12] GCE typically occurs in the early phase (days 0-3) after SAH [10] [11] [12] and has been shown to be an independent predictor of morbidity and mortality. 10 Currently, detection of GCE is limited to qualitative assessment of subtle findings on NCCT. 10 While this finding is fairly common, it is often difficult to appreciate and quantify, so the true incidence of GCE is likely underreported. 10 The lack of quantitative markers is a major limitation for accurate detection and monitoring of GCE to guide management. Although little is known about the mechanisms underlying GCE, microvascular dysfunction from diffuse ischemic injury has been implicated in the initial circulatory arrest at the time of aneurysm rupture. 10 The neurotoxic effects from the breakdown of blood products after the initial circulatory arrest may lead to hemodynamic disturbances in autoregulatory response and neuronal dysfunction, 10 which may be involved in the pathophysiology of GCE. [13] [14] [15] [16] GCE is a complex and poorly understood disease process with many contributing factors. Understanding the mechanisms underpinning the development of GCE can aid in prevention and treatment of this disease process. Because of the potential role of hemodynamic disturbance in GCE, we evaluated cerebral perfusion parameters, including CBF and MTT by using CTP in patients with early GCE after aSAH.
MATERIALS AND METHODS

Study Population
This was an institutional review board-approved retrospective study of consecutive patients with aSAH with CTP examinations performed on admission (days 0-3) between October 2008 to March 2011 at New York-Presbyterian Hospital-Weill Cornell. A total of 105 patients were admitted with aneurysmal subarachnoid hemorrhage; however, patients were only included if they had a baseline CTP examination on days 0-3 of admission according to our standard scanning protocol. The presence of GCE and the degree of hydrocephalus were determined on NCCT performed concurrently with CTP by 2 neuroradiologists by consensus. They interpreted the NCCT and CTP findings at separate time points, blinded to all other clinical and imaging data. We used a 2-part definition for GCE that was similar to that in published criteria: 1) complete or near-complete effacement of the hemispheric sulci and basal cisterns, and 2) bilateral and extensive disruption of the cerebral gray-white matter junction at the level of the centrum semiovale. 10 Patients were classified as having GCE if either diffuse effacement of the sulci and basal cisterns or diffuse disruption of the cerebral gray-white matter junction was present on the admission NCCT scan. Hydrocephalus was classified as none, mild, moderate, or severe by 2 neuroradiologists by consensus on the basis of the admission NCCT. All demographic and clinical data, including Glasgow Coma Scale scores, Hunt and Hess scores, smoking history, and history of hypertension, were obtained from retrospective chart review.
CTP Scanning, Postprocessing, and Data Collection
CTP was performed on admission (days 0-3) in all patients with aSAH before aneurysm treatment. We performed initial noncontrast CT of the head from the foramen magnum to the vertex, using 5.0-mm-thick sections with 120 kV (peak), 250 mAs, and 1.0 rotation time. A standard scanning protocol for CTP at our institution uses the HD750 scanner (GE Healthcare, Milwaukee, Wisconsin) with a cine 4i scanning mode and a 45-second acquisition at 1 rotation per second with 80 kVp and 190 mA. A scanning volume of 2.0 cm was used, consisting of 4 sections at 5.0-mm thickness with its inferior extent selected at the level of the basal ganglia, above the orbits, to minimize radiation exposure to the lenses. Approximately 45 mL of nonionic iodinated contrast was administered intravenously at 5 mL/s by using a power injector with a 5-second delay.
Postprocessing of the acquired images into CBF, MTT, and CBV maps was performed on an Advantage Workstation by using CTP software, Version 3.0 (GE Healthcare). This software uses a deconvolution method, which is considered most accurate for low-contrast injection rates. 17 The postprocessing technique was standardized for all patients according to recommended guidelines, 18 with the arterial input function as the A2 segment of the anterior cerebral artery 19 and the venous function as the superior sagittal sinus. In the deconvolution method, selection of the arterial input function has been shown to not significantly affect the quantitative perfusion values. 18, 20, 21 The perfusion maps were qualitatively evaluated by 2 neuroradiologists (with 7 and 10 years' experience) blinded to clinical and imaging data, to determine the presence of global perfusion deficits, defined as diffusely decreased CBF and/or elevated MTT. Focal perfusion abnormalities due to the primary hemorrhagic event, surgical intervention, hematoma, or vasospasm as identified on the acquired images from the CTP dataset were not included as perfusion deficits related to early global cerebral ischemia. After the images were reviewed independently, consensus judgment was determined.
Quantitative analysis was conducted by using a standardized method with contiguous ROI placement, measuring 157 mm 2 , sampling the cerebral cortex. Each CTP section had up to 24 ROIs distributed along the cortical surfaces to include mostly gray matter in the following territories: approximately 6 ROIs in the anterior cerebral artery, 12 in the MCA, and 6 in the posterior cerebral artery (Fig 1) . CTP studies were analyzed with readers blinded to all clinical and imaging data to limit test-review bias.
Statistical Analysis
The incidence of qualitative diffuse CTP deficits was calculated for each outcome group (GCE and non-GCE). Two-tailed P values were calculated by using the Fisher exact test to determine statistical significance. The OR was also calculated to determine the strength of association between GCE and CTP deficits. The Mann-Whitney test was used to determine the statistical difference between patient groups for demographic characteristics.
Quantitative CTP data were analyzed by calculating the mean CBF, CBV, and MTT and their SDs for each outcome group by using all ROIs for all 4 section locations included in the arithmetic means. To minimize the contribution of vascular pixels from large vessels, we excluded CBF values of >100 mL/100 g/min from the statistical analysis and did not use these in calculating the mean CBF, CBV, and MTT because this method has been published in the evaluation of ischemia. 22 The ROIs in the perfusion abnormalities due to the primary hemorrhagic event and/or surgical intervention were not included in the statistical analysis. A Student 2-tailed t test was used to determine statistical significance, accepted at P < .05.
Interobserver reliability for the detection of GCE between the 2 neuroradiologists was calculated by using the Cohen κ statistic with separate analyses for each criterion of sulcal effacement and gray-white matter differentiation.
RESULTS
Forty-five patients with aSAH and admission CTP studies were included in the statistical analysis. Of these 45 patients, 42.2% (19/45) were classified as having GCE, and 57.8% (26/45), without GCE. Patient groups with and without GCE were well-matched for basic demographic characteristics including age, sex, admission Hunt and Hess and Glasgow Coma Scale scores, and hydrocephalus (Table) . Qualitative global perfusion deficits were seen in 53% (10/19) of patients with GCE and 7.7% (2/26) of patients without GCE. No evidence of vasospasm was seen on either the CTA or CTP examinations for the patients included in the study. The Fisher exact test revealed that patients with GCE had significantly higher rates of global perfusion deficits (P = .001) compared with patients without GCE (Fig  2) with an OR = 13.3 (95% CI, 2.09-138.63). The mean global CBF in patients without GCE was 40.31 mL/100 g/min compared with 34.75 mL/100 g/min in patients with GCE (P = .064). The mean global MTT in patients with GCE was 6.38 seconds compared with 5.60 seconds in patients without GCE (P = .153). The mean global CBV in patients with GCE was 2.29 mL/100 g compared with 2.16 mL/100 g in patients without GCE (P = .78). The Cohen κ statistic for interobserver reliability for classification of sulcal effacement was high, with a value of 0.86 (P< .0001), and the Cohen κ statistic for classification of gray-white matter differentiation showed a medium association, with a value of 0.73 (P < .0001).
DISCUSSION
GCE is fairly commonly encountered after aSAH and has been shown to have associated devastating consequences. 10 The presence of GCE on initial head NCCT is an independent predictor of poor outcome and mortality. 10 Despite its relatively common occurrence, GCE is an incompletely understood, complex multifactorial process with several proposed contributing etiologies including metabolic disturbances, increased intracranial pressure, and global ischemia. 13, 15 Additionally, GCE is associated with breakdown of the blood-brain barrier, leading to disturbances in the autoregulatory response, which may manifest as hemodynamic alterations in perfusion. 13, 14 Our results support global perfusion deficits on CTP occurring more frequently in patients with GCE compared with patients without GCE. Furthermore, the patient groups with and without GCE did not have significant differences in key demographic features, such as age and sex or history of smoking or hypertension. Increased disease severity cannot be attributed to increased perfusion deficits because our patients were also well-matched for measures of disease severity, including Glasgow Coma Scale scores and Hunt and Hess scores. Additionally, even though hydrocephalus has been shown to cause global perfusion deficits 23 and could potentially confound our analysis, most important, we found no statistical difference in the severity of hydrocephalus between the GCE and non-GCE groups. Also, although vasospasm is a common complication of aSAH and could potentially confound perfusion deficits, our patients were imaged within the first 3 days after initial presentation when vasospasm is less likely to occur. Typically, development of vasospasm after aSAH is thought to peak at 7 days. 24, 25 Additionally, focal perfusion deficits of any kind were excluded, and only global deficits were considered true perfusion deficits suggestive of global cerebral edema.
The exact mechanism underlying GCE and its role in patients with aSAH developing serious neurologic complications are not clearly understood. Some studies have suggested that the initial bleeding insult causes high intracranial pressure leading to cerebral circulatory arrest causing ischemic brain injury. This may lead to cytotoxic edema and break down of the blood-brain barrier with disturbances in the autoregulatory response from inflammatory and neurotoxic effects on the vasomotor centers of the brain. 13, 14 Recently, microarterial constriction and microthrombosis have been shown to contribute to the early damage leading to delayed cerebral ischemia (DCI). 26 Although the relationship between the vascular pathology in DCI and GCE is not well-understand, microvascular dysfunction represents a plausible mechanistic link between DCI and GCE, which warrants further investigation.
Our study demonstrates that patients with GCE are more likely to have global perfusion deficits with reduced CBF and/or elevated MTT compared with patients without GCE, confirming that disturbances in the autoregulatory response occur in patients with GCE. Further investigation is needed to fully elucidate the underlying pathophysiologic mechanism leading to GCE.
Our study has some limitations. First, our sample size was relatively small, and though our results achieved statistical significance, the wide confidence interval in our OR suggests that additional work is needed to more precisely determine the strength of the association of global perfusion deficits with GCE. Second, the diagnosis of GCE on NCCT can be prone to subjective assessment. The proportion of patients with GCE in our aSAH cohort was 42.2%, which is in the 6%-62% range of previously published studies. 10, 15, 27 Additionally, we had medium-to-high interobserver reliability between our neuroradiologists for the 2-part definition of global cerebral edema used. While the interobserver reliability was high for sulcal effacement, indicating that it may be a more important factor in the definition of GCE than loss of gray-white differentiation, other imaging markers, such as perfusion metrics, might aid in the definition of GCE. Although our study was adequately powered to assess our primary outcome of qualitative global perfusion deficits, we were not able to demonstrate the statistical significance in quantitative CBF between the 2 groups, despite a strong trend. Further work should be done with larger sample sizes to evaluate the quantitative assessment of CBF.
In summary, our study reveals that patients with aSAH with GCE have a statistically increased incidence of global perfusion deficitson CTP in the early phase (days 0-3) compared with those without GCE, supporting the theory that GCE is associated with altered cerebral hemodynamics. However, further work is needed to understand the pathologic mechanisms leading to altered hemodynamics in GCE and to assess the clinical implications of global perfusion deficits in contributing to poor outcomes after aSAH.
CONCLUSIONS
Patients with aSAH who have GCE on early-phase (days 0-3) NCCT are significantly more likely to have global perfusion deficits on CTP compared with patients without GCE. GCE and its relationship with poor clinical outcomes in patients with aSAH are complex, but our study supports the theory that GCE is associated with altered cerebral hemodynamics. 
